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Abstract 

As  the  power  consumption  of  a  large  number  of  microelectronic  devices  has  been  continuously  reduced  in  recent  years,  power  supply 
units  of  a  few  microwatts  have  become  sufficient  for  their  operation.  Our  improved  micro-scale  thermoelectric  generator  (pt-TEG)  is 
based  on  polysilicon  surface  micromachining  and  is  designed  to  convert  waste  heat  into  electrical  power.  Since  this  device  is  compatible 
with  standard  CMOS  fabrication  processes,  it  can  be  easily  integrated  on  chip  level  and  matches  the  needs  for  low-cost  and  small-size 
systems.  As  thermoelectric  materials,  both,  pure  poly-Si  and  poly-Si7o%Ge3o%  have  been  investigated.  Emphasis  was  placed  on  a  thermally 
optimized  design  and  the  reduction  of  the  total  electrical  resistance  of  the  generator.  As  a  result  of  these  improvements,  a  voltage  of  5  V  and 
an  electrical  power  output  of  1  p,W  for  a  matched  consumer  is  achieved  with  generators  of  1  cm2  in  size  at  a  temperature  drop  of  about  5  K. 
©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

In  many  respects,  thermoelectric  generators  (TEGs)  show 
advantages  compared  to  batteries:  they  are  robust,  consist  of 
environmentally  friendly  materials  and  possess  a  virtually 
unlimited  lifetime.  However,  for  many  years  TEGs  have 
been  restricted  to  niche  applications  such  as  power  supplies 
for  space  missions  [1].  With  increasing  efficiency  of  the 
thermoelectric  materials  [2],  decreasing  power  consump¬ 
tion  of  microelectronic  circuitry  and  reduced  production 
cost,  thermoelectric  devices  may  eventually  be  heading  for 
important  breakthroughs.  Today,  although  expensive,  the 
first  wrist-watches  powered  by  body-heat  that  are  working 
on  the  thermoelectric  principle  are  commercially  available. 
The  energy  consumption  of  such  a  watch  is  specified  to 
1  jjlW  with  a  driving  voltage  of  1.5  V  [3].  Some  other  envi¬ 
ronments  like  those  encountered  in  the  automotive  field  or 
the  domestic  area  provide  higher  temperature  gradients  and, 
therefore,  promise  a  multitude  of  further  applications.  There 
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is  a  significant  difference  between  conventional,  large-size 
thermoelectric  generators  and  those  on  micro-scale:  since  a 
silicon-based  chip  is  usually  only  some  hundred  microme¬ 
ters  thin,  its  internal  thermal  resistance  is  small  compared  to 
the  thermal  contacts  of  the  surrounding  assembly.  This  fact 
limits  the  thermal  efficiency.  Thus,  there  is  a  great  challenge 
in  increasing  the  generator’ s  thermal  resistance  by  means  of 
micromachining  and  material  optimization  [4,5].  However, 
the  advantage  of  a  CMOS  compatible  silicon-based  thermo¬ 
electric  generator  is  obvious:  the  possibility  of  a  monolithic 
on-chip  integration  including  the  microelectronic  circuitry 
it  is  designed  to  power. 


2.  Theory 

Due  to  the  thermoelectric  Seebeck  effect,  a  temperature 
difference  between  both  ends  of  a  bar  made  of  conducting  or 
semiconducting  material  leads  to  a  voltage  generated  over 
the  bar.  A  thermocouple  is  made  of  two  dissimilar  thermo¬ 
electric  bars  joined  at  one  end.  Thermoelectric  generators 
are  composed  of  a  large  number  of  thermocouples  which 
are  electrically  connected  in  series  and  that  are  arranged 
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cold  plate,  T0  cold  junction,  Tc 


n-type  leg  p-type  leg  hotplate,  T1  hot  junction,  Th 


Fig.  1.  Schematic  view  of  a  thermoelectric  generator  that  consists  of  n-  and  p-type  thermoelectric  legs  which  are  electrically  connected  in  series  and  that 
are  thermally  arranged  in  parallel. 


in  meanders  to  make  best  use  of  a  given  area  (see  Fig.  1). 
Efficient  thermoelectric  generators  should  be  built  up  of 
thermoelectric  materials  possessing  a  large  Seebeck  coef¬ 
ficient  a ,  a  low  electrical  resistivity  p  and  a  low  thermal 
conductivity  X  [6].  Large  Seebeck  effects  are  found  in  semi¬ 
conducting  materials  which  makes  silicon  an  interesting 
choice  for  thermoelectric  devices.  Even  more  promising  are 
compound  semiconductors  such  as  bismuth  tellurides  be¬ 
cause  of  their  low  thermal  conductivity  [2] .  However,  these 
V- VI- semiconductors  are  difficult  to  produce  and  high 
efforts  are  necessary  be  made  to  make  these  materials  com¬ 
patible  with  standard  silicon  chip  fabrication  processes  [7]. 

In  sum,  for  a  given  relative  Seebeck  coefficient  a  of 
the  two  thermoelectric  materials  employed,  the  generated 
open-circuit  voltage  Uq  of  a  generator  can  be  expressed  by 
the  number  of  thermocouples  m  and  the  temperature  differ¬ 
ence  ATg  between  the  hot  and  the  cold  junctions: 

Uo  =  ma  ATg  (1) 

Compared  to  the  enclosing  thermal  resistors  such  as  ther¬ 
mal  contacts  or  heat  sinks  mounted  to  it,  a  pu-TEG  possesses 
a  rather  small  internal  thermal  resistance.  As  these  additional 
thermal  resistors  will  therefore  affect  the  heat  flow  through 
the  device,  the  system  is  not  operated  at  a  fixed  temperature 
difference  but  rather  under  constant  heat  flow  conditions.  In 
this  case,  the  output  power  instead  of  the  thermal  efficiency 
needs  to  be  optimized  [8].  Hence,  as  the  system  shall  be 
operated  at  maximum  electrical  power  output  Pout,  we  have 
to  match  the  electrical  impedances  in  such  a  way  that  the 
Ohmic  resistance  of  the  generator  is  equal  to  the  electrical 
resistance  of  the  load: 

U2  m2ot2 

/’out  =  UaatI=j§-  =  —(A  7g)2  (2) 

4/vg  AKg 

where  Uout  =  Uq  —  IRg  is  the  output  voltage  under  load, 
I  —  U o/27?g  is  the  electrical  current  in  the  matched  case  and 
Rg  is  the  electrical  resistance  of  the  generator. 

In  order  to  derive  an  expression  for  the  maximum  power 
output  just  depending  on  the  device  materials  and  design 
parameters,  A Tg  has  to  be  determined.  For  this  purpose,  the 


thermoelectric  network  of  the  generator  has  to  be  analyzed 
in  analogy  to  an  electric  circuit.  Here,  the  additional  thermal 
resistors  on  the  hot  and  cold  side  of  the  actual  generator, 
the  Peltier  effect  and  Joule  heating  are  taken  into  account. 
Thus,  the  total  temperature  drop  AT  rather  than  A Tg  will 
be  assumed  to  be  given.  If  the  generator  is  sandwiched  be¬ 
tween  resistors  with  thermal  resistances  Kc  and  at  the 
cold  and  hot  side,  respectively,  the  individual  temperature 
drops  have  to  be  added  and  can  be  expressed  in  terms  of  the 
corresponding  heat  currents  qc  and  q h: 

AT  =  ATg -\-  Kcqc  +  K^q^  (3) 

The  energy  balances  for  the  cold  and  hot  side  must  include 
the  heat  contributions  by  the  Peltier  effect  and  the  Joule 
heating  in  the  generator.  This  gives  expressions  for  the  heat 
flow  gh  entering  the  hot  junction  and  the  heat  flow  qc  leaving 
the  cold  junction  [4]: 

2Rg  /  ATg  m2a2T\  ATg  P0 ut\ 

Qh  ~  2/?g  +  m2a24A7’g  \  ~K^ +  2Rg  2  /  ’ 

(4) 

_  2Pg  ( ATg  m  ot  To  ATg  Pout\ 

qc  ~  2Rg-m2a2KcATg  \~K^  2Rg  ~T~ J 

(5) 


where  To  and  T\  are  the  temperatures  at  the  cold  and  hot 
side  of  the  entire  device,  respectively,  and  Kg  is  the  in¬ 
ner  thermal  resistance  of  the  generator.  Inserting  Eqs.  (4) 
and  (5)  in  Eq.  (3)  leads  to  a  cubic  equation  in  A Tg\ 


AT  =  ATg 


1  + 


4  Ke 


/  %KcRg  +  m2a2KcKg  A Tg 
+  4m2a2KcKgTo 
2Rg  —  m2a2Kc  A Tg 

\ 


+ 


8KhRg  -  m2a2KhKg  A Tg  +  4m2a2KhKgTi 
2Rg  +  ATg 


/  J 


(6) 
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This  equation  possesses  three  real  solutions  for  physically 
valid  parameters.  As  two  of  these  solutions  imply  negative 
temperature  values  for  Tc ,  only  the  third  solution  is  of  phys¬ 
ical  significance: 


ATc 


R* 


g  m2a2 


1 

K~c 


1 

Kh 


/ 1  /  r  \  4tt 

+  2  S  cos  -arc  cos  — r  M - 

V  3  \S3J  3 


(7) 


where 


KcKh 

H - y  + 

KgKh 

m2a2  I 
+2*s  ( 

/  To 

Ti-To 

T\ 

KcKh 

~  4, 

+ 


KgKc 


1 


N 


l 

K%  +  3KcKh  Kl 
4  m2ot2  /  To  7j 

+3~r7  \Yc  +  k h 


c  3KcKh  +  Kl  +  3  Ks 


1  1 

—  +  — 


Kc 


Kh 


If  this  solution  for  A Tg  is  inserted  into  Eq.  (2),  an  ex¬ 
pression  for  the  maximum  electrical  power  output  of  the 
generator  is  obtained  which  depends  on  the  external  temper¬ 
atures  To  and  7j,  the  material  properties  and  geometry  only. 
This  result  reveals  that  a  micro-scale  thermoelectric  gener¬ 
ator  (jx-TEG)  operates  in  another  regime  than  conventional 
large-scale  TEGs  (see  Fig.  2). 

From  a  material  point  of  view,  it  is  the  Seebeck  coefficient 
a,  the  electrical  resistivity  p  and  the  thermal  conductivity 
A  of  the  thermocouples  that  determine  the  power  output  of 
a  jui-TEG.  This  can  be  observed  in  Eq.  (7)  considering  that 
p  enters  the  electrical  resistance  of  the  generator  Rg  and  A 
affects  the  thermal  resistance  of  the  generator  Kg.  Thus,  it 


Fig.  2.  Example  of  an  ideal  TEG  with  enclosing  thermal  resistors  for 
AT  =  5K:  calculated  output  power  per  area  as  a  function  of  the  height 
of  the  thermoelectric  legs.  |ji-TEGs  are  operated  in  the  regime  shown  to 
the  left. 

is  important  to  get  to  know  these  material  data  in  order  to 
optimize  the  thermoelectric  generator. 


3.  Material  properties 

Although  polysilicon  layers  of  different  thickness  and 
doping  concentration  have  been  studied  (see  Figs.  3  and  4), 
only  the  results  for  400  nm  thick  highly  boron  or  phoshorous 
doped  poly-Si  and  poly-Si7o%Ge3o%  layers  will  be  discussed 
in  detail.  This  is  because  just  the  highest  doping  concen¬ 
tration  of  2.5  x  1020cm-3  provides  a  low  total  electrical 
resistance  of  the  thermoelectric  generator  with  regard  to 
the  consumer  resistor  that  has  to  be  matched.  The  Seebeck 
coefficient  a  the  electrical  resistivity  p,  the  thermal  con¬ 
ductivity  A,  and  the  electrical  contact  resistance  have  been 
measured  (see  Table  1).  The  Seebeck  coefficients  have  been 
extracted  using  special  planar  test  structures  [9].  The  val¬ 
ues  of  the  electrical  resistivity  have  been  determined  from 
van-der-Pauw  Greek  crosses  [10].  The  electrical  contact 


doping  concentration  [1020cm'3] 


Fig.  3.  Electrical  resistivities  of  boron  and  phosphorous  implanted  pure  polysilicon  (solid  lines)  and  poly-Si7o%Ge3o%  (dashed  lines)  vs.  doping  concentration 
determined  at  a  temperature  of  300  K. 
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Fig.  4.  Absolute  value  of  the  Seebeck  coefficients  of  boron-  and  phosphorous-implanted  pure  polysilicon  and  poly-Si7o%Ge3o%  vs.  the  electrical  resistivity 
of  the  material  determined  at  a  temperature  of  300  K. 


resistances  could  be  derived  via  Kelvin  structures  [11].  The 
contacts  between  the  polysilicon  and  the  aluminum  layer 
are  made  from  tungsten  to  ensure  a  completely  filled  con¬ 
tact  hole.  For  pure  poly-Si  the  contact  resistance  with  a 
tungsten  stud  sized  to  one  square  micrometer  was  found  to 
be  Rcn  =  (4.0  zb  0.1)  Q  for  phosphorous  implantation  and 
Rc p  =  (7.6  ±  0.4)  Q  for  boron  doping.  In  the  case  of  poly- 
Si7o%Ge3o%  values  of  Rcn  =  (6.5  ±0.5)  Q  for  phosphorous 
doping  and  Rcv  =  (5.1  ±  0.1)  £2  for  boron  implantation 
have  been  measured.  Compared  to  our  previous  approach 
where  no  tungsten  studs  have  been  used  [4],  the  contact 
resistances  could  be  lowered  significantly  in  this  way. 

A  surface-micromachined  structure  was  used  to  measure 
the  thermal  conductivities  of  the  highly-doped  polysilicon 
layers.  For  producing  this  thermal  test  structure,  the  poly  sil¬ 
icon  layer  is  patterned  into  two  sets  of  beams  and  a  heater 
connecting  them  (see  Fig.  5).  The  1.6  pum  thick  sacrificial 
oxide  layer  underneath  the  polysilicon  is  removed  using  HF 
etchant.  Hence,  a  cavity  is  created  below  the  actual  device. 

Applying  an  electrical  current  to  the  polysilicon  heater, 
most  of  the  generated  heat  current  q  =  UI  is  forced  to  flow 
into  the  beams  perpendicular  to  it.  However,  the  total  heat 
flow  q  has  to  be  reduced  by  the  heat  current  gpar  lost  in  the 
connectors  of  the  heater  yielding  the  remaining  heat  current 
q\ A  correction  factor  y  can  be  defined: 


qb  =  yq  =  r(qb  +  qP  ar). 


(8) 


Solving  Eq.  (8)  for  y  and  substituting  q  with  AT/K enables 
to  express  y  by  the  thermal  resistances  Kpar  and  K\> : 


^fpar  ±  Kb 

Thus,  it  is  the  parasitic  thermal  resistance  Kpar  that  needs  to 
be  determined.  Let  y  be  the  coordinate  directing  parallel  to 
the  electrical  current  (see  Fig.  6  for  notation).  Heat  that  is 
generated  in  a  point  of  coordinate  yo  in  the  heater  will  be  able 
to  flow  into  both  connectors  of  the  heater.  This  means  there 
are  two  thermal  resistors  in  parallel  for  the  y-direction.  The 
length  of  these  resistors  are  s+yo  and  s+b— yo,  respectively, 
where  b  is  the  total  width  of  the  beams  and  s  is  the  length  of 
a  connector.  For  the  total  parasitic  thermal  resistance  Kpar 
all  points  y  on  the  heater  have  to  be  integrated: 

i  rb  l  /  l  l  \_1 

*par  =  -/  73-  ^-  +  -TT -  d>’  (10) 

bj o  lag  \s  +  y  s  +  b-yj 


where  d  is  the  layer  thickness  and  g  is  the  length  of  a  con¬ 
nector  of  the  poly  silicon  heater,  yielding: 


1  b2  ±  6 bs  ±  6s2 
par  6X  dg  b  ±  2s 


(11) 


Table  1 

Measured  material  properties  for  400  nm  thick  poly-Si  and  poly-Si7o%Ge3o%  layers  boron  and  phosphorous  doped  with  a  concentration  of  2.5  x  1020  cm-3 


Material 

Electrical  contact 
resistance  Rc  (£2) 

Seebeck  coefficient  a 
(M.VK-1) 

Electrical  resistivity 
p  (mf^cm) 

Thermal  conductivity 

X  (Wm”1  K-1) 

n-poly-Si 

4.0  ±  0.1 

-57  ±  9 

0.813  ±  0.001 

31.5  ±  3.7 

p-poly-Si 

7.6  ±  0.4 

103  ±  17 

2.214  ±  0.004 

31.2  ±  3.7 

n/p-poly-Si  couples 

5.8  ±  0.4 

160  ±  19 

1.514  ±  0.004 

31.4  ±  5.2 

n-poly-SiGe 

6.5  ±  0.5 

-77  ±  7 

2.37  ±  0.04 

9.4  ±  2.0 

p-poly-SiGe 

5.1  ±  0.1 

59  ±  9 

1.87  ±  0.01 

11.1  ±  2.0 

n/p-poly-SiGe  couples 

5.8  ±  0.5 

136  ±  11 

2.12  ±  0.04 

10.3  ±  2.8 

The  highlighted  values  are  calculated  by  averaging  (p,  X  and  Rc )  or  addition  (a)  and  hold  for  thermocouples. 
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Fig.  5.  Micrograph  of  a  double-beam  test  structure  to  measure  the  thermal  conductivity  of  poly  silicon  layers.  The  boundary  of  the  cavity  underneath  the 
device  is  indicated  by  dashed  lines. 


With  1  denoting  the  length  of  a  beam  holds  K\>  =  i/(4Xdb) 
[11]  and  y  becomes  the  purely  geometrical  expression: 


Y  = 


2  b(b2  +  6  bs  +  6s2) 


2  £>3  +  12  b2s  +  6  gls  +  3  bgl  +  12  bs2 


(12) 


In  that  way,  measuring  under  vacuum  conditions,  the  thermal 
conductance  of  the  beams  and  thus  the  thermal  conductivity 
of  the  polysilicon  itself  can  be  deduced  according  to  the 
relation  [12]: 


X  = 


yUIR(To)pi 
4db  AR 


(13) 


where  R(To)  is  the  initial  electrical  resistance,  ft  is  the  tem¬ 
perature  coefficient  of  resistance,  and  A R  =  R(T$)P  AT  is 
the  thermal  change  in  Ohmic  resistance. 

The  advantage  of  this  surface  micromachined  thermal 
structure  compared  to  previously  presented  ones  [13]  is  not 
only  the  fact  that  it  does  not  require  any  bulk  micromachin¬ 
ing  but  the  novelty  that  the  polysilicon  layer  is  no  sandwich 
with  other  materials  such  as  Si02.  Using  this  structure, 
the  thermal  conductivities  of  poly- Si  and  poly-Si7o%Ge3o% 
have  been  measured  (see  Table  1).  As  expected  [14,15], 
poly-Si7o%Ge3o%  shows  a  lower  thermal  conductivity  com¬ 
pared  to  pure  poly-Si  [13]. 


Fig.  6.  Bridge  structure  to  determine  the  thermal  conductivity  of  a  thin  layer  (dark  gray).  The  heat  sinks  are  drawn  in  light  gray,  the  integrated  heater  is 
shown  by  dashed  lines. 
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The  entire  set  of  material  data  is  used  to  compare  ther¬ 
moelectric  generators  based  on  pure  poly-Si  to  those  made 
of  poly-Si7o%Ge3o%  through  coupled  thermoelectric  simu¬ 
lations. 


4.  Coupled  thermoelectric  simulations 

Given  the  material  properties,  coupled  thermoelectric 
simulations  of  possible  generator  designs  have  been  per¬ 
formed  prior  to  the  realization.  For  this  reason,  half  of  a 
single  generator  cell  was  built  as  finite  element  model.  On 
the  silicon  substrate,  the  basic  thermal  barrier  between  the 
cold  and  the  hot  side  of  the  thermoelectric  legs  is  realized  by 
means  of  a  field  oxide  layer  (FOX).  Underneath  this  barrier, 
there  is  an  air  filled  cavity  for  additional  thermal  isolation. 
The  thermoelectric  leg  is  either  consisting  of  pure  poly-Si 
or  poly-Si7o%Ge3o%.  Its  lower  end  is  separated  from  the 
silicon  substrate  by  a  thin  oxide  layer.  The  upper  end  of  the 
leg  is  situated  on  the  field  oxide  barrier.  Tungsten  plugs  and 
aluminum  bridges  are  used  to  connect  the  thermoelectric 
legs  to  each  other.  A  second  metal  bridge  is  added  to  the  up¬ 
per  junction  to  improve  the  thermal  coupling  to  the  surface 
of  the  device.  The  poly  silicon  and  the  metalization  are  en¬ 
tirely  encapsulated  in  oxide.  A  fixed  temperature  difference 
of  3  K  between  the  bottom  and  the  top  of  the  generator  cell 
is  assumed  as  boundary  condition  for  the  thermal  simulation 
using  the  FEM-tool  ANSYS.  The  simulated  temperature 
distribution  of  the  optimized  thermoelectric  cell  for  the 
mentioned  boundary  conditions  is  shown  in  Fig.  7.  After  the 
first  run,  the  junction  temperatures  and  hence  the  temper¬ 
ature  difference  between  the  two  ends  of  a  thermoelectric 
leg  are  obtained.  As  this  temperature  difference  causes  two 
additional  heat  currents  according  to  Eqs.  (2),  (4)  and  (5), 
further  iterations  of  the  simulation  have  to  be  performed 


including  the  heat  generation  at  the  junctions  as  boundary 
condition.  After  a  few  runs,  the  temperature  difference  be¬ 
tween  the  two  ends  of  a  thermoelectric  leg  converges  to 
a  final  value  which  determines  the  output  power  given  by 
Eq.  (2).  The  optimum  parameters  of  the  generator  cell  mod¬ 
els  have  been  determined  by  varying  the  length,  the  width 
and  the  thickness  of  the  thermoelectric  legs.  The  variable  to 
be  maximized  in  this  analysis  is  the  output  power  per  area. 
In  order  to  compare  the  power  output  of  different  thermo¬ 
electric  generators,  it  is  convenient  to  introduce  a  figure  ip 
defined  as  the  thermoelectric  power  generation  per  chip  area 
Ag  and  per  given  temperature  difference  AT  to  the  square: 


<P  = 


Po 

Ag(A7)2' 


(14) 


For  both  materials,  poly-Si  and  poly-Si7o%Ge3o%,  an  opti¬ 
mum  is  found  for  legs  of  6  p,m  width  and  18.5  p,m  effective 
length  at  a  layer  thickness  of  400  nm.  With  these  dimensions, 
a  single  generator  cell  has  an  area  of  49  p,m  x  10.9  |mm.  On  a 
total  area  of  3.2  mm  x  2.2  mm,  15,872  cells  can  be  arranged 
in  this  way.  Comparing  pure  poly-Si  and  poly-Si7o%Ge3o%, 
the  coupled  thermoelectric  simulations  show  that  the  pure 
poly-Si  type  outperforms  the  poly-Si7o%Ge3o%  one  with 
regard  to  the  figure  ip  of  thermoelectric  power  generation 
by  38%. 


5.  Experimental 

The  generator  chips  have  been  fabricated  at  an  Infineon 
Technologies  CMOS  production  facility.  The  basic  thermal 
isolation  between  the  cold  and  the  hot  side  of  the  ther¬ 
moelectric  legs  is  achieved  by  means  of  a  1.6  pan  thick 
thermal  field  oxide  barrier  (FOX).  Both,  samples  with  pure 
poly  silicon  as  well  as  others  containing  poly-Si7o%Ge3o%  as 


temperature  [K] 


Fig.  7.  FEM-simulated  temperature  distribution  of  the  left  half  of  a  thermoelectric  cell  for  a  temperature  drop  of  3  K  between  bottom  an  top  of  the  chip. 
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Fig.  8.  SEM-micrograph  showing  the  micromachined  substrate  cavity  underneath  the  upper  thermocouple  junctions  of  a  generator  (view  perpendicular 
to  Figs.  7  and  9). 


thermoelectric  layer  have  been  produced  by  chemical  vapor 
deposition  (CVD).  The  400  nm  thick  thermoelectric  layer  is 
partially  phosphorous -implanted  with  an  energy  of  130  keV 
to  generate  the  n-legs  and  partially  boron-implanted  using 
40  keV  in  other  regions  to  form  the  p-legs,  both  employing 
a  doping  dose  of  1016cm-2.  Afterwards,  the  polysilicon 
or  poly-Si7o%Ge3o%  layer  is  patterned  to  release  the  ther¬ 
moelectric  legs.  In  order  to  optimize  the  heat  flux  direction 
within  the  generator,  a  micromachining  etch  step  now  is 
performed.  During  micromachining,  the  polysilicon  legs 
are  protected  by  an  additional  oxide  mask  perforated  with 
holes  to  define  the  regions  to  be  etched.  Then,  cavities  are 
etched  into  the  silicon  substrate  using  isotropic  CF4  dry 
etching  (see  Fig.  8).  The  etch  holes  are  closed  with  BPSG 


during  the  following  oxide  deposition  step.  Tungsten  plugs 
and  aluminum  bridges  are  used  to  connect  adjacent  thermo¬ 
electric  legs.  A  second  metal  bridge  is  added  to  every  other 
junction  to  improve  the  thermal  coupling  to  the  surface  of 
the  device.  The  chip  surface  is  passivated  using  a  nitride 
and  an  oxide  layer.  An  SEM-micrograph  in  Fig.  9  shows 
half  of  a  thermoelectric  cell  with  one  poly  silicon-leg. 

The  devices  are  tested  in  both  ways,  on  wafer-level  and 
as  single  chips.  For  the  wafer-level  measurement,  an  entire 
wafer  is  placed  on  a  heatable  thermochuck  and  a  Peltier 
cooler  is  mounted  on  top.  In  this  setup,  the  chips  are  con¬ 
nected  electrically  to  a  multimeter  via  tungsten  probes. 
For  the  single-chip-measurement,  the  chips  are  sawn  and 
wedge-bonded.  Both  measurement  techniques  give  the  same 
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Fig.  9.  SEM-micrograph  showing  the  left  half  of  a  micromachined  CMOS  thermoelectric  generator  cell.  The  aluminum  metallization  was  removed  during 
sample  preparation. 
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Fig.  10.  Measured  open  circuit  voltages  per  area  of  a  |jl-TEG  based  on  pure  polysilicon  and  another  one  based  on  poly-Si7o%Ge3o%  vs.  the  temperature 
drop  between  bottom  and  top  of  the  chip. 


Fig.  11.  Measured  output  power  per  area  of  a  |x-TEG  based  on  pure  polysilicon  and  another  one  based  on  poly-Si7o%Ge3o%  vs.  the  temperature  drop 
between  bottom  and  top  of  the  chip. 


results.  The  open  circuit  voltage  per  area  and  per  measured 
temperature  difference  for  both,  generators  based  on  pure 
poly-Si  and  those  using  poly-Si7o%Ge3o%  is  2.2  V  cm-2 
K-1.  The  determined  output  voltages  per  area  for  selected 
thermoelectric  generators  are  shown  in  Fig.  10.  In  agree¬ 
ment  with  the  predictions  of  the  thermal  simulations  as 
discussed  above,  generators  based  on  pure  poly-Si  outper¬ 
form  the  devices  employing  poly-Si7o%Ge3o%  with  respect 
to  the  power  output  per  area.  The  figure  of  thermoelec¬ 
tric  power  generation  <p  is  0.0426  p,W  cm-2  K-2  for  the 
[x-TEGs  employing  pure  poly-Si  and  0.0352  jxW  cm-2  K-2 
for  the  ones  based  on  poly-Si7o%Ge3o%.  A  graph  of  the 
output  power  per  area  versus  the  temperature  difference 
for  both  generator  types  is  displayed  in  Fig.  11.  The  total 
Ohmic  generator  resistance  is  2.1  MQ  in  the  case  of  pure 
poly-Si  and  2.5  MQ  for  poly-Si7o%Ge3o%. 

6.  Discussion 

In  order  to  understand  the  particularities  of  micro-scale 
thermoelectric  generators,  the  thermoelectric  behavior  of 


such  devices  has  been  investigated.  One  finding  is  that  the 
output  power  of  jx-TEGs  strongly  depends  on  the  heat  flux 
given  by  the  environment.  For  optimum  performance,  as 
much  as  possible  of  the  given  heat  has  to  be  converted  into 
electrical  energy.  For  pure  poly-Si  and  poly-  Si7o%Ge3o%, 
the  relevant  material  properties  have  been  extracted  using 
specially  designed  microstructures.  Coupled  thermoelec¬ 
tric  simulations  revealed  that  for  maximum  output  power, 
pure  poly-Si  should  be  used  to  build  up  the  micromachined 
CMOS  generators.  This  result  was  verified  in  experimental 
tests.  The  different  types  of  generators  have  been  fabricated 
and  tested  successfully.  If  the  presented  poly-Si  thermo¬ 
electric  generator  is  sized  to  1  cm2,  a  temperature  drop  of 
about  5  K  results  in  a  voltage  of  more  than  5  V  and  an  elec¬ 
trical  power  output  of  about  1  jxW  for  a  matched  consumer 
load.  This  is  sufficient  to  power  an  electronic  wrist  watch 
by  body  heat. 
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